Abstract. Obvious neovascularization is a key feature of hepatocellular carcinoma (HCC) and the status of neovascularization in HCC is closely correlated with the tumor growth and patient prognosis. The actual effect of current antivascular treatment including embolization to HCC is not satisfactory. Compensatory angiogenesis is one of the primary causes responsible for failure of antiangiogenic therapy. Bone marrowderived endothelial progenitor cells (BM-EPCs) are considered as important building blocks for adult neovascularization. However, the role of mobilized BM-EPCs in HCC remains unknown. In this study, GFP + -BM orthotropic HCC mice were established to investigate whether BM-EPCs are involved in HCC-induced neovascularization. We found that a large number of BM-EPCs were mobilized into the circulation with the development of HCC, recruited into the HCC region and incorporated into the vascular endothelium directly by differentiation into vascular endothelial cells, including sinus, capillary vessels and great vessels. Dynamic observation revealed that the mobilization and the incorporation of BM-EPCs into different types of vessels were present in early phases and throughout the whole process of HCC growth. The proportion of BM-EPCs in vessels increased gradually, from 17 to 21% with tumor growth. Moreover, injected GFP + -EPCs also specifically homed to tumor tissue and incorporated into tumor vessels directly. In this initial study, we demonstrated that BM-EPCs play a prominent role in HCC neovascularization. Blockade of BM-EPC-mediated vasculogenesis may improve the efficacy of current anti-vascularization therapy for patients with HCC.
Introduction
Neovascularization is vital for progressive multiplication, metastasis and the recurrence of malignant tumors. Since Asahara et al isolated endothelial progenitor cells (EPCs) from human peripheral blood in 1997 (1), there is a growing body of evidence supporting the notion that adjacent activated endothelial cell sprouting is not a unique manner to form new blood vessels. Bone marrow derived-EPCs (BM-EPCs) have the capacity to stimulate the initiation and maintenance of angiogenic processes by integrating into developing vasculature under physiological and pathological conditions (2, 3) . EPCs resemble embryonic angioblasts which characteristically migrate, proliferate and differentiate into vascular endothelial cells (VECs) (4) . In general, BM-EPCs can be identified as cells that simultaneously express cell surface markers CD133, CD34, and VEGFR2 (5,6). Broadly, any bone marrow derived cells (BMDCs) that possess the potential of integrating into vessel walls by differentiating into VECs can be defined as endothelial progenitor cells/ endothelial precursor cells (EPCs) (7) .
HCC is among the most vascularized tumors and the degree of vascularization correlates directly with prognosis in HCC (8) . However, the actual effect of antivascular treatment including embolization to HCC has not reached the expectations. A thorny problem is the rapid development of new collateral circulation (9) . There must be certain compensatory mechanisms that promote angiogenesis during therapy. With respect to cellular mechanisms, growing attention is being paid to the role of BM-EPCs in tumor angiogenesis (10) (11) (12) . However, the degree of contribution by EPC to vasculature vary highly with tumor type in different studies, from substantial to zero, and the role of EPC, in particular, remains somewhat controversial (13, 14) . Although increased circulating EPC levels have been reported in patients with HCC (15) (16) (17) , up to now, there is no report providing direct evidence that BM-EPCs are involved in the neovascularization of HCC, and its impact on angiogeneis in HCC remains uncertain. Thus we established orthotropic HCC mice, observed the dynamic changes of circulating BM-EPCs, analyzed when the mobilization of BMCs starts and how long this process takes, examined whether BM-EPCs contributed to tumor blood vessels directly, and calculated the proportion of BM-EPCs in vessels. All of this information not only is extremely important in order to evaluate the impact of BM-EPCs on the neovascularization of HCC, but also may have important value to perfect the current anti-vascular strategy to patients with HCC. (18) . Briefly, BM derived mononuclear cells from GFP transgenic C57BL/6 mice were collected through density gradient centrifugation and cultured in fibronectin coated dishes containing EGM-2 (Lonza, USA). After 48 h, non-adherent cells were collected and cultured continually. All experiments were performed with second passage cells. The tube formation ability of BM-EPCs was observed within 24-h culture in matrigel (BD Biosciences, USA) (19) . BM-EPC phenotypes were identified by flow cytometry (FCM) analysis. PE-conjugated anti-CD133, PECy7-conjugated anti-CD34, and PECy7-conjugated anti-VEGFR2 (eBioscience, USA) were applied. Appropriate fluorochrome-conjugated isotype was used as control. The CD133 + CD34 + cells and CD133 + VEGFR2 + cells were classified as EPCs (20, 21) . The animal research ethics committee of our hospital approved the protocol. All mice were sourced from the national genetically engineered mouse resources bank in China.
Materials and methods

Isolation
Orthotropic HCC model. In order to trace BM cells (BMCs), GFP + BM-C57BL/6 mice were established by transplanting whole BMCs of GFP-transgenic mice (22) (Fig. 1A) . Four weeks later, FCM analysis was used to confirm full BM recovery. Orthotropic HCC mice were induced by an intrahepatic injection of 1~2x10 5 H22 hepatoma cells (23) (gift from Dr Rutian Li, Institute of Oncology, Nanjing University, China). The control group received the same volume of PBS. To further confirm the role of EPCs on tumor angiogenesis, GFP + EPCs (1-2x10 6 ) cultured in vitro were injected into orthotropic HCC nude mice via tail vein every 12 h for 3 days from day 7 after modeling (24) . At day 14, mice liver, lung, kidney, pancreas, and stomach were examined to observe the distribution of injected GFP + EPCs.
Flow cytometry. Peripheral blood (300 µl) was obtained on days 3, 7, 14, and 21 after building orthotropic HCC mice. Mononuclear cells were separated and incubated for 30 min at 4˚C using PE-conjugated anti-CD133, PE-conjugated anti-CD34, and PE-conjugated anti-VEGFR2 (eBioscience, USA). Appropriate fluorochrome-conjugated isotypes were used as controls.
ELISA. Serum vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) in HCC mice were tested using an ELISA kit (Abcam) following the collection of sera at the same time-points as stated above.
Immunofluorescence. By day 14 after establishing the GFP + BMorthotropic HCC model, 2 µm frozen sections of mouse livers were cut and then incubated with primary antibodies overnight at 4˚C: rat anti-mouse CD31 (1:800, eBioscience, USA). After washing with PBS, slices were incubated with secondary antibodies: Alexa Fluor 488-conjugated rabbit anti-rat IgG antibody (1:1000, Molecular Probes, USA). DAPI was used to dry the nucleus. To quantify the proportion of BM-EPCs in vessels, on days 7 and 21 after modeling, anti-CD31 immunofluorescence stained sections were analyzed by counting the number of GFP + VECs and total VECs in 15 random high-power fields (21) . The quantitative contribution of BM-EPCs to vessels was expressed as a percentage.
Immunohistochemistry. Sections of mouse livers (2 µm) were cut as described above and then incubated with primary antibodies overnight at 4˚C: rabbit anti-mouse ICAM1 (1:50, Protein Tech Group, USA), VCAM1 (1:200, Santa Cruz, USA), and VEGF (1:1000, Abcam). A secondary antibody was labeled using horseradish peroxidase. Positive reactions were visualized using diaminobenzidine solution followed by counterstaining with hematoxylin. Negative controls were obtained by substituting the primary antibodies with PBS.
Western blot analysis. Proteins (100 µg) from each sample were subjected to 10% SDS-PAGE. Target protein levels were measured by immunoblotting with the corresponding antibodies: rabbit anti-mouse actin (1:800, Beyotime, China), rabbit anti-mouse ICAM1 (1:1000, Santa Cruz), rabbit anti-mouse VEGF (1:1000) and goat anti-mouse VCAM1 (1:1000, Abcam). They were then incubated for 30 min with secondary antibodies. Bands were visualized using enhanced chemiluminescence (Thermo, USA).
Real-time PCR.
The levels of expression of BM-EPCs marker gene in tumor tissues (TF) and tumor-free tissues (TT) were determined using real-time PCR. RNA was extracted from the livers with TRIzol (Invitrogen, USA). The sequences of primers were synthesized by Takara (Takara, Japan): CD133 (5'-AAC GTG GTC CAG CCG AAT G-3' , 5'-TCC CAG GAT GGC GCA GAT A-3'), CD34 (5'-ACC CAC CGA GCC ATA TGC TTA C-3', 5'-GAT ACC CTG GGC CAA CCT CA-3'), VEGFR2, (5' AGG GTG GTC CAG CCG AAT G-3' , 5'TCC CAG GAT GGC GCA GAT A-3') and β-actin (5'-CAT CCG TAA AGA CCT CTA TGC CAA C-3' , 5'-ATG GAG CCA CCG ATC CAC A-3'). PCR reactions were performed using a SYBR Premix Ex Taq Kit (Takara, Japan) and the Stratagene QPCR System (Bioscience, USA). Each sample was measured in duplicate. The relative levels of expression were determined by DDCt normalized to endogenous controls (β-actin).
Statistical analysis. Numeric data were presented as mean ± SD. t-tests and ANOVA were used to analyze the normal distribution data. All statistical analysis was performed using SPSS 15.0. Values of P<0.05 were considered significant.
Results
The success of establishing the GFP-labeled BM-orthotropic HCC model. The pathological examinations demonstrated that GFP
+ BM-orthotropic HCC mice retained classic clinicopathological characteristics (Fig. 1B) . The high GFP + rate of circulating nucleated cells in the HCC model (>95%) (Fig. 1C) suggested that nearly all BMCs express GFP stably, guaranteeing success in distinguishing BM-EPCs derived VECs from pre-existed VECs (Fig. 1A) .
BM-EPCs were mobilized into circulation.
In general BM-EPCs are believed to originate from hematopoietic stem cells and express stem cell antigens CD133, CD34, and VEGFR2 (5,6). While CD133, CD34 are expressed also in certain tumor cells, such as hepatic cancer stem cells (25, 26 (Fig. 1D) . The ELISA results indicated that compared with a transient increase in the control, serum VEGF and PDGF maintained at a higher level were obviously induced by HCC (Fig. 1E) .
BM-EPCs were recruited and incorporated into vascular endothelium.
The distribution of BM-EPCs was assessed based on the distribution of the specific surface antigens (CD133, CD34, and VEGFR2), combined with GFP (the tracer of BMCs) in the serial sections. Consecutive immunohistochemistry data showed that the BM-EPCs surface markers CD133, CD34, VEGFR2, and GFP antigens were mostly concentrated on TT compared to TF (Fig. 2A) . Quantity PCR showed the levels of CD133, CD34 and VEGFR2 genes in TT were also much higher than that in TF (Fig. 2B) . Based on fluorescence microscopy, these positive cells were from BM as evidenced by GFP in serial sections. At high magnifications, we found that some VECs co-expressed CD133, VEGFR2 and GFP, which is direct evidence that BM-EPCs melted into vascular endothelium by differentiating into VECs in situ (Fig. 2C) .
BM-EPCs contribute to the formation of different type vessels in HCC.
It is very difficult to quantitatively analyze the incorporation rate of classic endothelial progenitor cells into the endothelium because the stem cells would be undetectable after the loss of their surface markers during differentiation. Based on the broad sensing of BM-EPCs (7, 21) , the GFP combined with the EC-specific antigen CD31 (18) makes it easy to identify whether the BM-EPCs incorporate into the vascular endothelium in the GFP + BM HCC mice (Fig. 1A) . In this study, we found that the CD31 + GFP + cells existed not only in the peripheral vessels but also in the intratumoral vessels and in vessel walls of different sizes, such as sinusoids, central veins and hepatic veins (Fig. 2D-F) . These CD31 + GFP + cells offer direct evidence that the BM-EPCs contribute to the HCC-induced neovascularization. Additionally, more BM-EPCs incorporated into the vascular endothelium in the HCC tissue during tumor progression, as observed by the higher rate of incorporation of BM-EPCs in all VECs, at day 21 (35.3±21.2%) than at day 7 (17.1±8.9%) (Fig. 2G) . This indicated that BM-EPCs are needed and play an important role in HCC angiogenesis. (Fig. 3C) , which indicated success in obtaining GFP + EPCs. At day 7 after GFP + EPC injection, GFP positive cells were found scarcely distributed in the organs examined, lungs, kidneys, pancreas, stomach, except for within the liver tumor mass, where injected GFP + EPCs were highly concentrated (Fig. 3D) . At high magnification, the GFP + CD31 + cells were found in tumor vascular endothelium, which is direct, intuitive evidence that BM-EPCs contributed to the formation of new tumor vessels ( Fig. 3E and F) .
Injected
Up-regulated expression of ICAM1, VCAM1, and VEGF in HCC tissue. Immunohistochemistry and western blot results
showed that the expression of ICAM1, VCAM1, and VEGF in TT was much higher than it was in TF (Fig. 4) .
Discussion
Neovascularization is a crucial factor for HCC to grow and metastasize. The role of BM-EPCs on tumor angiogenesis is still debated (13, 14) . Even though the mobilization of BM-EPCs has been demonstrated in HCC (15, 16) , the precise role of BM-EPCs in HCC angiogenesis is not well understood. Exploring the role of BM-EPCs on HCC neovascularization, on the one hand, is to indentify whether BM-EPCs contribute to the HCC-induced neovascularization in theory, on the other hand may have implications for renovation of current therapeutic strategy to patients with HCC in practice.
Previous clinical study showed that BM-EPCs mainly concentrated on adjacent non-malignant liver tissue rather than HCC tissue (17) . Though the exact distribution of mobilized BM-EPCs in target organ is still in dispute (27, 28) , we have to accept the notion that recruitment into target tissues is a prerequisite for the effectiveness of BM-EPCs. Moreover, according to the theory that further tumor growth is accompanied by the formation of tumor vessels, HCC tissue should contain more BM-EPCs, in accordance with HCC neovasculature development. The image data from serial sections substantiate our hypothesis. The marker antigens CD133, CD34, VEGFR2, and GFP that are the hallmark of BM-EPCs, were mainly concentrated in HCC tissues ( Fig. 2A) , as measured by quantitative PCR (Fig. 2B) . Moreover, also injected BM-EPCs homed to TT with high specificity (Fig. 3D) . To understand the homing mechanism, the expression of cell adhesion molecules ICAM1, VCM1 and VEGF in TT and TF was examined. We found increased serum VEGF, PDGF (Fig. 1E) and that VEGF, ICAM1 and VCAM1 were predominately expressed in TT (Fig. 4) . ICAM-1 is considered the main cellular adhesive molecule and VEGF is the most essential mobilization factor (29, 30) . We reasonably inferred that with HCC proliferation, the BM-EPCs were mobilized into circulation by BM mobilization factors released from HCC and subsequently entered into liver via the blood stream. The cells finally were arrested on HCC tissues specifically due to the induction of a high local content of adhesive molecules. The main reasons for the conflicting conclusions may stem from the following: a) HCC mice lack a background of chronic hepatitis and/or cirrhosis-precancerous diseases with angiogenesis (31,32), b) HCC in the present study is as a result of implanted tumors rather than from spontaneous tumors, c) rapid tumor proliferation results in augmented blood supply within a short time or d) different types or stages of cancer may have led to the different conclusions. Despite these speculations, our results may reflect to some degree the natural link between HCC growth and BM-EPCs. Two effects of recruited BM-EPCs on neovascularization were found. First, BM-EPCs cells were incorporated into vascular endothelium directly, and second, proangiogenic factors were secreted (33, 34) . The current debate as to when during progressive tumor growth BM-EPCs are mobilized and recruited into the tumor continues. Some believed that the vasculogenesis of BM-EPCs is a late event (35) , whereas others have taken the view that BM-EPCs were incorporated for a brief period during early phases (<2 weeks) of tumor growth. The longerterm tumor vascular endothelium was derived from nearby host vessels (36) . However, in our study, the contribution of BM-EPCs to tumor vessels was detectable by day 7, by which point the proportion of BM-EPCs in all VECs had already reached 17%. Thus, the recruitment of mobilized BM-EPCs to HCC tissues must arise before this time-point. Obviously, the mobilization of BM-EPCs began much earlier. Moreover, the proportion of BM-EPCs in vessels gradually increased to 35% by day 21 along with tumor growth (Fig. 2G) . We believe that the contribution of BM-EPCs to neovascularization is not the sole feature of advanced tumors but rather an integral part of tumor development that becomes activated during the 'angiogenic switch' and is required for early, premalignant lesions to progress to frank tumors. In fact, the premalignant changes of HCC such as cirrhosis or hepatitis virus infection have tangible angiogenesis (31, 32) . After tumor formation, neovascularization becomes the outstanding characteristic of HCC and determines tumor progression and patient prognosis.
Although Asahara et al (2) demonstrated the presence of circulating BM-EPCs, the role of BM-EPCs in neovasculariztion has remained controversial. Some even demonstrated that EPCs were not required for tumor growth at all (14, 37) . While in HCC, BM-EPCs were specifically recruited into TT and truly incorporated into peritumoral and intratumoral vessels, involving different types of vasculatures such as sinus, central veins, microvasculature, and large vessels (Fig. 2D-F) . Moreover, the BM-EPCs injected via vein were also specifically rested on TT and contributed to the formation of tumor new vessels (Fig. 3D) . The BM-EPCs may have also maintained HCC neovascularization, because their proportion in vessels increased gradually along tumor growth (Fig. 2G) . In HCC mice, we found that BM-EPCs mainly integrated into the network of pre-existing vessels rather than forming an entirely new vascular endothelium. Increased vascular caliber was usually detectable earlier than the morphological signs of tumors (38) . We infer that there might exist two patterns of how BM-EPCs contribute to tumor neovascularization: one is dilatation in diameter and the other is an extension in length. In large vessels, mobilized BM-EPCs supplied endothelial cells in order to meet the demand to enlarge the inner diameter to increase blood flow. In microvasculature, BM-EPCs can make capillaries longer and wider. Obviously, with the deposition of matrices, contribution of pericytes (39) , and dilatation in diameter, these capillaries would soon become new, larger vessels that carry more blood to support tumor rapid proliferation.
The dependence of tumor growth on angiogenesis has been generally acknowledged, however, the actual effect of antivascular treatment including embolization to patients with HCC remains limited. A thorny problem is the rapid development of new collateral circulation (9) . It has been reported that treated tumors dramatically increase in serum VEGF (40, 41) and circulating BM-EPCs (42, 43) . Obviously, the further aggravation of tumor metabolic acidosis, hypoxia, and necrosis that result from ischemia would in turn lead to more soluble factors being released into blood. Subsequently, more BM-EPCs would be mobilized. Therefore, even though the tumor vasculature could be damaged, BM-EPCs provide an alternative source of VECs that contribute to formation of new vessels in order to compensate for this blood supply loss. BM-EPCs seem to play an important part in the compensatory cellular and molecular mechanisms that inhibit the efficiency of present treatment strategies. Thus, we should seriously consider inhibiting the mobilization and recruitment of BM-EPCs as a therapeutic target in HCC treatment.
In concusion, the presented data indicated that BM-EPCs were recruited specifically and contributed to neovascularization in HCC. This process began at an early stage, and may continue throughout the whole process of HCC growth. Moreover, the injected BM-EPCs homed to tumors with significantly higher specificity and also contribute to the formation of tumor vessels. These findings suggest that BM-EPCs are needed and play an important role in angiogenesis in HCC. Thus BM-EPCs might serve as biomarkers for predicting the progression or recurrence of HCC, and blocking the BM-EPCs mediated angiogenesis may help improve the efficacy of current therapies for HCC patients.
